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APPROXTMATE SOLUTIONS FOR THE FLOW ABOUT FLAT-TOP
WING~-BODY CONFIGURATIONS AT HIGH
SUPERSONIC AIRSPEEDS*

By Raymond C. Savin
SUMMARY

The flow about slender flat-top wing-body configurations traveling
8t high supersonic speeds and small angles of attack is investigated ans-
lytically., 1In the case of conical configurations, approximate algebrailc
solutions to the flow field are obtained. In the case of configurations
which are conical at the vertex but curved in the streem direction, these
solutions are combined with a slender-body approximetion to the generszl-
ized shock-~expansion method to obtaln the flow downstream of the vertex.

Surface pressures were obtained experimentally at Mach numbers
from 3.0 to 6.0 and angles of attack up to 6° for several flat-top wing-
body configurations. These configurations consisted of half-bodies of
revolution mounted beneath thin highly swept wings. Three different bod-
ies were employed. The two conical bodies consisted of one-half of a
fineness-ratio~5 cone and one-half of a fineness-ratio-2-1/2 cone. The
body of the third configuretion consisted of one-hslf of a fineness-
ratio-5 ogive., TFor the oglve configuration, the leading edges of the
wing were curved and designed to just mainbtein the theoretically deter-
mined bow shock glong the leading edge at & Mach nurmber of 5.0 and an
angle of attack of 3°, The predictions of the conical flow theory of
this paper for the surface pressures are found to be in good agreement
with experiment at Mach numbers of 5.0 and 6.0 up to angles of attack of
approximately 3°. Estimated lift, drag, and pitching-moment coefficients,
as well as maximum lift-drag ratio, are also in good agreement with exist-
ing experimental data at a Mach number of 5.0 for a comical configuration
having an arrow plan-form wing. It is also found that the generalized
shock-expansion method yields reasonsbly good agreement with experiment
for the surface pressures on the half-ogive conflguration at a Mach
number of 5.0 and an angle of attack of 3°,

*Title, Unclassified.
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INTRODUCTION

A class of flat-top wing-body combinations was proposed in reference 1
a5 belng capsble of developing high lift-drag raetios at high supersonic
speeds, The type of configuration suggested consists of a thin highly
swept wing of essentially arrow plan form beneath which is mounted a half-
body of revolution with its vertex common to the vertex of the wing.
Theoretical and experimental results presented in references 1 and 2 indi-
cated that these configurations have a high aserodynamic efficiency at high
supersonic speeds., It 1s of interest, therefore, to consider more refined
theoretical methods for treating the flow about flat-top wing-body combi-
nations. Such methods are necessary 1f accurate estimates of pressure
forces and moments as well as detalled local flow propertles are to be
obtained, Local flow conditions are required, of course, in order to
determine skin-friction and heat-transfer characteristics which are so
important at hypersonic speeds. —

A method for estimating the aerodynamic forces on flat-~top wing-body
configurations has been presented in reference 3. This method was obtained
with the aid of linear theory. In fact, in the past, virtuslly all treat-
ments of the flow about wing-body combinations have -employed linear theory
(see, e.g., refs. 3 through 7). Although these methods have been shown to
be adequate for low supersonic speeds, their application to hypersonic
speeds is questionable due to the restrictions of linear theory, Thus, at
the present time, there is no well-established theory appliceble to the
accurate prediction of the aerodynamic characteristics of wing-body com-
binations traveling at high supersonic speeds. The objective of the
present paper, therefore, is to obtain an improved theoretical method for
predicting the flow about flat-top wing-body configurations having super-
sonic leading edges. In thls comnection, a hypersonic theory applicable
to conilcael configurations is obtalned. This result 1s then combined with
a slender-body epproximstion to the generalized shock-expanslon method to
cbtain the flow about configurations which are curved 1in the stream
direction.

NOTATION

a locel speed of sound, ft/sec

axial force

Ca axial-force coefficlent,
drag

Qo

Cp drag coefficient,

Cr,  1ift coefficilent, -li%-
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moment about vertex
quI

normal force

Ao

pltching-moment. coefficient,

normal-force coefficient,

pressure coefficient, E—:;BE

specific heat at constant pressure, ft-lb/slug °R
specific heat at constant volume, ft-1b/slug °R
entropy, ft-1b/slug °R

characteristic reference length, £t

Mach number (ratio of local airspeed to local speed of sound)
statlic pressure, 1b/sq f%

total pressure, 1b/eq ft

dynamic pressure, 1b/sq ft

gas constanf, ft-1b/slug °R

distance along conical ray measured from vertex, Tt
total plan area, sq ft

velocity component parallel to r, ft/sec

velocity component normsl to u in & meridian plene, ft/sec

resultant velocity, Ju2 + v2 + w2, ft/sec

maximum veloclity obtainable by expanding to zero temperature, ft/sec
velocity component normal to a meridian plene, ft/sec

angle of attack, radians unless otherwise specified

ratio of specific heats, ;%

angle of flow inclination in meridian plane measured from configura-
tion axis, radians unless otherwise specified

wedge angle of wing in streamwise direction

AFtADC Das B8 -707°
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angle of flow inclination in meridian plene measured from free-
stream direction, radlens unless otherwise specified

angular difference between free-stream direction and locus of points
representing center of curvature of shock in plane of symmetry,
radisns unless otherwise specified .

semivertex angle of wing (i.e., complement of leading-edge sweep
angle; see fig. 1), radians unless otherwise specified

Mech angle, radians unless otherwise specified
mess density, slugs/cu ft

angle of meridian plane with respect to plane of symmetry, radians
unless otherwise specified (see fig. 1)

dilhedral angle at shock between streamwise plane normal to shock
and plane containing axis of configuration, radians unless other-
wise specified

dihedral angle at shock between streamwise plane normal to shock
and plane containing free-stream velocity vector, radians unless
otherwise specified

angle between axis of cone and rasy passing through vertex of cone,
radians unless otherwise specified

angle of ray on conical shock measured with respect to free-stream
direction, radians unless otherwlse.specified :

Subseripts

body

evaluated at cone surface

evalugted at external surface of vortical layer
evaluated at shock wave

wing

free-stream conditions

G

conditions at ¢

v - e)

conditions at ¢
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THEORY

The purpose of this analysis is to obtain a simplified theory for
predicting flow fields about a class of flat-top wing-body configurations
traveling at hypersonic speeds and at small angles of attack. The con-
figuration to be treated is assumed to consist of a half-body of revolu-
tion mounted beneath & thin wing, the vertex of which i1s common to the
vertex of the body and whose leading edges are sharp and always supersonic.
Furthermore, the configuration is assumed slender and the surface slopes
are everywhere small compared to 1. In addition, the free-stream Mach
nunber 1s assumed large compared to 1 and the angle of attack small com-
pared to 1. Thus, the local Mach number will be large compared to 1 and
the inclination of the nose shock wave will be smell. Only flow flelds
which are elther wholly conical or conical at the vertex are studied.
Consider now the flow field as 1t would sppear in cross-sectlon view nor-
mal to the configuration axis. A conical fiow field of the double shock
type is shown in sketch (a), where region 1 is three-dimensional in type
and 1s generated by the body, and region 2 1s & two-~dimensional flow field
generated by the wing (the configuration is presumed to be at angle of
attack). Another conical flow field is a single~shock type as represented
in sketch (b). Experimental observations of the shock-wave patterns to

\% /<\%

—~— /
Sketch (a) Sketch (b)

date indicate that the flow field is of the single-shock type, at least
for configurations having highly swept wings. It was also found that the
pressures on the wing were not only continuous across the entire wing but
were also higher in region 2 than the pressures which would be expected
if the flow were two-dimensional in this region. In the following ana-
lysis, approximate solutions to the flow field satisfying the boundary
conditions corresponding to the single-shock type will be obtained.

Flow About Conical Flat-Top Wing-Body Configurations

For conical flow fields, all derivatives with respect to radial
distance vanish and the equations of motion and continuity in spherical
polar coordinates become (a schematic diagram of the polar coordinate
system is shown in fig. 1)

(1a)
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vy ¥ L 13D,y - wBeot w =0 (1)
ow sin w P p Ow
v v + — éﬁ 1 % +uw + vw cot w = 0O (1e)
ow sinwdp pseinw B¢
and
2pu 8in w + v sin w ég + p sin w éX + Vp COS W + W éﬂ + P Bw =0
ow w ) ) (2)

respectively. Now the law of conservation of energy requires the following
relgtions to be satisfied:

T GR- 2D (8 "%”’a@)

_z_i__-___. Su av v
y =1 p2 8@) <l T aw

The entropy at any point in the flow field may be expressed in the form

7 R
R P [P
BE - = n|=(—= 4
R = 2 [Pw p)] () —
Equations (1), (2), and (3) together with the relation

a2 = 2 ; 1 <§2 - Vé)

may be combined (by eliminating the pressure and density terms) to obtain
the equation of motion

r=1(g=. Vé) <éu + v cot w + v + oY . Ve - uw2 -
2 dw sin w o

2

a2l W2 M vw v O _ g (5)
dw sin w dp sin w Sw

which 1s general for all steady-state conical flows,

(3)

It is convenlent first to define the flow conditions on the leeward
or expansion side of the wing.! For flows of the type under consideration,
the expressions defining the Mach number and pressure are simply those
applicable to a flat plate and may be written (see ref, 8)

13ince the shock wave is assumed to be always attached to the leading
edge of the wing, the flow flelds on the windward and leeward sides may
be treated independently.




F

M, -1
-LT =1 = ZT—LJOO(G' - 591) (6)
and 27
F=1
i%:l:l-L;_l.Mm(u,-ﬁw)] (7)

respectively, where o is the angle of attack and &y is the streamwise
wedge angle of the wing.

The remsining part of this analysis will be concerned with the study
of the interference flow field on the high-pressure side of flat-top wing-
body configuratlions., Before proceeding with the actual solution for the
flow field, it is convenient first to consider the basic assumptions
underlying the solution and to outline briefly the method of attack in
obtaining this solution. As mentioned earlier, only hypersonic flows and
slender configurations at small angles of attack are considered in this
paper. Thus, the following simplifications are employed throughout this
anglysis:

M> 1 w << 1
b 1 a << 1

It is further assumed that the present flow fields represent only a small
departure from flow fields generated by circular cones. The subsequent
anelysis, then, will be similar in many respects to that presented in
reference 9 for the flow about circular cones at small angles of attack.
In particular, the flow in the region of the plane of symmetry (i.e., at
@ = 0) is assumed to be identical to that generated by a circular cone

in this region. The general form of the expression for the w component
of velocity employed in reference 9 1s also assumed to be applicable for
the present flow fields.

The following procedure 1ls employed with the sbove assumptions to
obtain a solution for the interference flow field. An expression define-
ing the w component of veloclty throughout the flow field (see fig., 1)
is first obtained. The flow is then treated in four parts as shown in
sketch (c), which represents the boundaries of the flow field in a plane
normel to the configuration axis.

Shock

Sketech (c)
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Expressions which define flow conditions along the shock (1-2), in the
plane of symmetry (1-3), in the plane of the wing (2-4), and around the
surface of the body (3-4) will be obtained in terms of flow conditions

at © = 0 and ¢ = n/2, Solution of the flow in the plane of symmetry
determines all conditions at ¢ = O, All the expressions obtained, then,
mey be written in terms of known quantities and/or (T)n/z- The parameter
(‘l’)ﬂ o 1s obtained by an lteration process which involves matching at
poiné L the pressure calculated by proceeding along 1-3-4 to the pressure
calculated by proceeding along 2-k, A discussion of the evaluation of
(Y)nxe is presented. An analysis of the flow off the surface, that is,
between the body surface and the shock, is discussed and expressions
deflning this part of the flow fleld will be obtained. Finelly, analytic
expressions in closed form are cobtailned for the 1ift, drag, and pitching-
nmoment coefficients for conical flat-top wing~body combilnations. With
these points in mind, the analysis for the w component of velocity willl
now be considered.

Determination of w component of velocity.- It was found in
reference O that the w and ¢ dependence of w could be separated into
a product for the case of clrcular cones. Since the present flow fields
represent a small departure from thet of the circular cone, the same
dependence 1s assumed here; namely,

W
7= = 2 (W) (8)
Furthermore, the variation of w with w 1s assumed to be the same as in
the case of the circular cone so that this variation between the surface
and the shock may be written (see ref. 9)
w

vy (w) = 1?
Now it is obvious that the variation of w with ¢ will differ from that
for a circular cone since the presence of the wing will alter the boundary
conditions. The term wo(9), then, will be defined by the polynomial
(noting that w must be an odd function)

WZ(CP) = Clq) + czq)s + csq)s
Since w = 0 at @ = O because of the symmetry of the flow and also at
¢ = n/2 because of the presence of the wing, the coefficients in the

above expression are easily evaluated in terms of Jwy/dp at @ = O and
® = /2 to yleld (when combined with eq. (8))

@), 3@, @
SHOREOIL
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Expression (9) defines the w component of the velocity throughout the
flow field on the windward side of the configuration. There remains,
however, the determination of the shock-wave angle, wg, and the quanti-
ties (Owp/dp), and (dwz/dp).,,. An expression for g will now be
obtained by consldering the flow conditions at the conical shock.

Flow conditions at the shock.- The shape of the shock wave will be
influenced by the shape of the body, the angle of attack, and the leading-
edge sweep of the wing. For example, at o = O° the conical shock will
be circular between the planes @ =0 and ¢ = n/2 provided the leading-
edge angle of the wing, A, is equal to the axially symmetric shock angle
for the complete circular cone. If A > (wS)a=o’ then the shock will
impinge on the wing leading edge at an acute angle similar to that shown

in sketch (d). The angle (¥);,o shown in this sketch (see also fig. 1)

A
L(“’s)czso—’-| —l
Y v

N e

\——/

Sketch (4)

is the angle of the dihedral between a plane normal to the shock and the
plane of the wing and '

1 g

ten ¥ = — —— 10
Ve S (10)
which holds for any meridian plane. Consider now the case where o > O,
As the angle of attack increases, the pressures on the body, and therefore
throughout the flow field, increase causing the shock in the plane of the
wing to "spreed" beyond that for o = 0°, Now if the shock is to remsin
attached to the leading edge, the leading-edge sweep must be decreased.
Thus, in the present analysis, there is a minimum A (maximum sweep) which
can be treated for each angle of attack, It is clear from the foregoing
discussion that if a reasonably accurate prediction of the flow field is
tc be obtained, particular attention must be paid to the shape of the
shock wave, The conical shock will then be defined by a power series
in ¢ vwhere the coefficients are determined from the following conditions:



10 _ NACA RM A58F02

at ¢ =0,
dug
wg = (“S)O j;; =0
at CP =g‘,

wg = A
Thus, the expression

2 O -5 - oo -
(R [r -8 peaina] o (12)

defines the conlcal shock with respect to the configuration axis. The
tangent operator on VY i1s retasined in the asbove expression since

et @ = ﬁ/2 this angle represents the attenuation of the shock due to
leading-edge sweep and there is no way of determining a priori its order
of magnitude., Now for small angles of attack, the shock-wave angle, Q,
and flow-deflection angle, A, measured from the wind axis may be related
to the shock angle, wg and flow-deflection angle, 8g, measured from the
configuration axis by

=Wy + a cos @ (12)
and
=8 + @ CO8 @ (13)

respectively. It can also be shown that, consistent with the above
approximations,

¥ o=y - o sin @ (14)
Wg + o cos @
where V¥ 1is the angle of the dihedral at a point on the shock between
a8 streamwlse plane normsl to the shock and the plane containing the wind
axis. Thus, the oblique-shock-wave relations may be written

<g§;f _ (7 + 1)®Ms 0%cos®Y (15)
Yo [29M20%c0s®Y = (7 = 1)1 (y - 1)M20Pcos2Y + 2]
A M 20%cos2Y ~ 1 (16)
Sc 7+l

M BcMfl cos ¥ . -
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Ps  2yM 20%cos®Y - (7 - 1)
Py y +1
Equations (11) through (17) completely define conditions immediately
downstream of the shock wave in terms of flow parameters referred to the

configuration axis. It is clear, of course, that (wg), and (¥) are
yet to be determined.

(17)

/2

Flow conditions in the plane ¢ = 0.- As a by-product of the solution
of the flow in this plane, the two gquantities (wg), and (Swy/dp), will
be determined. Because of the symmetry of the flow in this plane, w = 0
and the equation of motion (eq. (5)) reduces to

Y =1 (92 _ 2 ov 1 oW\ _ g2 LA
5 (v ve) <éu + v cot w + ~ * Sio Bé) v <% + ~ 0 (18)

Now from the flow pattern, the velocity components may be written

u ="V cos(w - d)
v = -V sin(w - B8)
and from equation (la)
v
dw
It can also be shown that
%—V - -tan(w - 5)ad (19)

Substitution of the sbove expressions into equation (18) results in

1-;—¥l:<§_l>2 -1} I:cot(w - 8) <1 . %Z-) - cot w + tan(w - B) -g%+

esc(w - 8) ov | _ _8) .
V sin w @ tan(u ) w °

Consistent now with the assumption of % K 1 and w << 1, the above
expression may be written

2
5 . 98 2 8 1 dv _
;+a—w[l—(Mw) <l-w>]+%$—0

Furthermore, since Mw and 8/w are both of the order of 1, there is
finally obtained (by virtue of eq. (8))
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Consider now the term (dwy/dp),. If the angle of attack is small and
the leading-edge angle of the wing does not differ too greatly from the
angle of the shock wave generated by the eguivalent circular cone, then
one might expect the flow in the plane of symmetry to differ bubt litile
from that of the circular cone.2 It is assumed, therefore, that, as a
first approximation, the flow in this plane will be the same as that for
the circular cone. Then (see ref. 9)

ow\ _ W
?a?qa‘)o iy

where € 1s the angle between the axis of the conical shock and the
free-stream~-velocity vector, It follows, then, from equation (8) that

(3
09 /o
and, therefore, equation (20) yields upon integration (noting that

V/V 2 1)
R RCORE

which defines the flow-deflection angle. The expression for the flow
velocity is obtained by integration of the resulting combination of
equations (19) and (21) and may be written

<ws>(5° +eug) 3(5°-85%) - 3 [On Gn . ] (22)

Now the Mach number may be expressed in terms of the above velocity ratio

2
(

e [ -]

2Experimental results indicate (as will be shown later) that, at small
angles oOf attack, the shock-wave angles and pressure coefficients in the
plane ¢ = O are approximately the same as those for the circular come.

86
Bw

elw
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which, after substitution of equation (22) and neglecting second-order
terms, becomes :

R S CRO RSO E
S CORCHN); @

Finally, flow conditions at the shock are obtained from the oblique-shock
relations given by equations (15), (16), and (17) reduced to the form

(@2 i (7 + 1) (ug + )

(24)
[2M2(wg + @) = (¥ = D)I(y - 1M (wg + )® + 2]
2( )2 -1
Mo + @) = et (25)
z 5— Mo(ug + a)
and
gg _ oM (wg + «)® = (y - 1) (26)
o 7y + 1
respectively.

There remains the determination of € in order to obtain the shock-

wave angle, wg, from equations (21) and (25). It can be_shown by an
analysis identical to that presented in reference 9 that®

1+ 23 (18e)”

£ _2* 1
@ L
(MeBc)®
[l + ?l_i_l'. (-Mcoac)z:‘ 1 - Z_+__]; in T lC)
(27)

The shock angle can now be evaluated by the simultaneous solution of
equations (21), (25), snd (27). This has been done with the aid of the

3An expression for 1 - e/a was developed in reference 9§ and differs
from the present relation in the logarithm term since only the first term
of a logarithm series was retained in that development.

g
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IBM 650 electronic computing machine, and results in the form (ws/Sc)o
for values of MBS from 0.1 to 3.0 and a/sc from O to 1 are presented
in table I. Once the shock-wave angle has been obtained from the table,
it is a simple matter to determine a8ll the other flow quantities in the
plane @ = O from equations (21) through (27).

Flow conditions in the plane of the wing (¢ = n/2).- Because of the

presence of the wing in this plene, w = O and the conical-~flow equations
obtained for the plane ¢ = O hold identically in the plane of the wing.
Thus, the flow-deflection angle is defined by (noting that (ws)ﬂ/z = A)

B 8¢ 1 <?W2 <}> w
— T e e m— | d——— =) in — 28
8o w Ba \ OP 2 \2 Ba . (28)

Simtlarly, the expressions for the velocity and Mach number become

ow A W\ A .
o ), 30w 36, [ (o2
c + aCP 3.':/2e2( S ) > aCP /2 o Sc n ac

?ryg ) <‘;‘> (29)
and

() -2 - (@) -G o[ (3D, |2

SOMCOREHT), o

respectively. The ratio of the local static pressure to the static
pressure at the shock for hypersonic flow is given by

The Mach number, flow deflection, and static pressure at the shock are,
of course, obtained from the oblique-shock relations (15), (16), and (17)

which now .become

<M_S>2 _ (r + 1)2(M007\)2c°32<\1')1c/2
) -
[27(M@x)gcos2(w)ﬂ/2 - (y - l)} [(7 - l)(M&A)Ecosé(Y)ﬂ/a + 2}

-

(32)



8g (M@A)zcosz(Y)“,z -1

S (33)
S 7 ; 1 M BM A cos(Y)ﬂ/2
and
Pg _ 2y (MA)Zcos®(¥) o - (7 - 1) (34)

Pco ‘)’+l

respectively., Consider now equation (28) in combination with equation (33).
Then,

1
Z ; (MeBo)Zcos (¥) - (Mmk)acose(ﬁ’)m

1+
i@g) _
3c \ 99/ /5 y +1

5 MM cos(Y)ﬂlzln ét

2

(35)

The only remaining unknown in the foregoing expressions is (Y)ﬂ/2'

If this angle were known, flow conditions on the wing, as well as those
around the shock and in the plane @ = 0, could be calculated by means of
the expressions so far obtained. As mentioned earlier in the discussion
of the flow pattern shown in sketch (c), (‘I’)ﬂ/2 can be evaluated by

matching at the wing-body juncture the pressure calculated in the plane
of the wing to the pressure calculated on the surface of the body. Now
the statlc pressure in the plane of the wing can be calculated by means
of equations (31) and (34). However, in order to calculate the static
pressure on the body surface, expressions defining the flow on this sur-
face must be obtalned, Attention is therefore bturned to this matter.

Flow conditions on the body surface.- The concept of a vortical
singularity In supersonic flow around a cone was introduced by Ferri in
reference 10 where it was shown that all constant entropy surfaces must
intersect along the generator lying in the meridian plane on the leeward
side. It was also demonstrated that for small angles of attack the sin-
gularity lies on the surface itself, Holt, in reference 11, demonstrated
that such a singularity can arise only at points where the resultant
velocity is directed along the radial line (i.e., w = v = 0), and that at
the singularity the veloeity i1s many-valued and the vorticity is infinite,
but the pressure is single-valued. For configurations of the type under
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consideration, then, the lines of constant entropy in a plane normal to

the configuration axis will appear something like those shown in sketch (e).

Sketch (e)

The singularities will occur at the wing-body Junctures since w =v =0
and Ow/dp < O at these points. Thus, the angle of attack is assumed
sufficiently small that the singularity will remain on the surface of the
cone, The thickness of the vortical layer around the cone surface can be
neglected then, since it was shown in reference 10 to be the order of o2,
Since the entropy on the surface is constant it must have the value that
exists in the plane ¢ = 0. Thus,

Pe = Pe

Ve = Ve =0
and

Eec = (E)o
where the subscripts c and e refer to conditions inside and outside
Eg:tvortical layer, respectively. It follows then from equation (la)

= Bcw

&l

or

u =1 + Sck/nm——z—— dep (36)
(Vedo o (Ve)g

which holds on either side of the vortical layer, even though w is
discontlnuous across the layer. Consider now the w component of veloc-
ity on the surface externally adjacent to the vortical layer expresaed in
the form

(37)

-
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where the prime in the above expression refers to the derivative with

- respect to ¢. Then, upon integration, equation (36) beconmes
Ue
Volg

and the resultant surface velocity may be written

2
[.(Vic?)_o.] ~ 1 4 280F + (F')F (39)

since, as will be shown subsequently, F and F' are first-order quantities.
The corresponding Mach number ratio may be expressed as

2
y =1 2 Ve _
M) P 2 el {[(VC)O] f}
= = = (40)
Ve
[(Vc)o]

. which, by virtue of equation (39), reduces to

- (Me)o I© _ y -1 2.7 (Y
[—M-e—g] =1 - — (Mcsc)o [2 5 + <-8—D ] (41)

where (from eqs. (9), (11), and (37))

£ o3 @ [p(- ) o]
<§>4cp4 [1 - £ ten(¥),, - EE;\)—O]}{S% @%2.) i
@), £ 2[5, 26

(42)

and (upon integration of edq. (k2))
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It can be seen from eguastions (42) and (43) that F! and F are of the order of B8e. Thus, the
two right-hand terms in equation (39) are second-order terms, The Mach number directly on the
body surface, Mg, may be related to the Mach number at the vortical layer, Me, by (see ref. 9)

L3

Ec'Ee -
() -
where (by virtue of eq. (%))
Fo-Be 2M 2 (wg + a) ® ~ (y - 1) 7 )Zcos2¥ (y - 1)M2(uwg + d») 2] 1 y
.e 7cv = 0 o ‘\ ~r s —_ T (’-L)*) k
F L dy(Mmu) 2cosc¥ - l,;y - 1) _l ka“kms +a)~Ly - 1)(\an) 2cos®Y + +2]) ‘;
and Q and ¥ are defined by equations (12) and (14), respectively. Then
- ("3 S hY s hY iy £z L 7 r
2

M) s [Mo)o] M
["512"9] e 7 [—Mgﬁ] (’M%O (45)

L2l
=
Q
and the ratio of the static pressure anywhere on the body surface to the static pressure at the =
shock et @ = 0 1s given by =
2y -
D (M), 7 2
S Y ) 3
(pg) Mc "

\rslo L *C J
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Finally, the ratio of the surface pressure to the free-stream statlc
pressure msy be obtained by the combination of equations (26) and (46)
which yields

27
P, [2M"(uwg + a)o® - (7 - l)] [(MS)O] 7 (¥7)
P, 7+ 1 Me
The pressure coefficient is, of course, given by the relation
2 (P )
Cp = =< - (48)
P 7Me2 <Poo

It will be noted that the foregoing equations predict the ratios of local
to free-stream Mach number and local to free-stream static pressures to
be the same at corresponding points on related configurations, provided
the flow fields about these configurstlions are defined by the same
respective values of the hypersonic similerity parameters, M 5.,

Mg (or o«/8g), and M (or A/8c). These predictions are in agreement
with those of reference 12 for inviscid flow about slender three-
dimensional shapes.

Eveluation of (¥)y .- We are now in a position to calculate (¥),, -

and, therefore, all flow properties on the surface of the complete con-
flguration. This may be accomplished in the following manner. If the
Mach number, angle of attack, and the conical configuration are given,
then MBe, o/dc, and N\/de are known and a value for (¥).,» i1s assumed.
Then (¥)y;» 18 known from equation (14) and the pressure under the vorti-
cal layer at ¢ = n/2 can be calculated by means of equation (47). The
pressure externally adjacent to the vortical layer in the plane of the
wing can be calculated by means of equations (31) and (34). Since there
is no pressure change across the vortical layer, an ilteration on (‘I!)Tc,2
can be performed until the pressures on both sides of the layer are equal.
This iteration has been performed on the IBM 650 electronic computing
machine and the resulting values of (¥),,- for M, 8c from 0.1 to 3.0

and o/8c from O to 1 are given in table I for various values of A 8c.
The values of the ratio of the static pressure to the free-stream static
pressure at the bottom of the body, (Pc/Pw)o’ at the wing-body Jjuncture,

(Pc/Em)nla’ and at the leading-edge of the wing, (P/Pw)x’ are also given
in table I.

It should be noted in table I that the range of «/8, 1s restricted
for certain values of K/Sc. As was mentioned previously in the analysis
for conditions at the shock, this results from the fact that there is a
meximum angle of attack for a given configuration and Mach number at which
the shock wave can no longer remain attached to the leading edge of the
wing. This occurs at (‘I’)ﬂ:/2 = 0, since it represents zero attenuation of
the strength of the shock., Thus, the values of A/Sc given in table I
for (¥)y/o = O represent minimum values (maximum leading-edge sweeps) for
which the present theory will apply for a particular a/Sc and, of

BTN TAL, e
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course, M8.. This is perhaps more clearly demonstrated in figure 2
where (N/Be)piy 1s shown plotted as a function of (/80 )pax for various
Mo8c. Thus, for example, each line of constant MxBe represents an upper
limit of a/&c and a lower limlt of K/&c on the applicability of the
theory for a given free-stream Mach number.

Flow conditions off the surface.- Since only flows at high Mach
number are considered in this analysis, the variation of the magnitude of
the resultant velocity in a meridian plane will be small. Hence, the
variation of u and v will be small and may be represented by a power
series in (w - 8¢) where the coefficients are evaluated in terms of the
veloclty componént at the surface and at the shock and its derivative at
the surface., Thus, '

e

where it can be shown that (see ref. 9)

® -6 @, %]

and (setting v = 0 in eq. (5))

), - o 2@ [ @ -]~

In the above expressions, Wg, We, Ue, 8nd Me are given by equations (9),
(11), (38), and (41), respectively, and (Jdw/dw)e and (ow/dp)e may be
obtalned by the proper differentiation of equation (9). Finally, the
radial component of wvelocity at the shock may be determined from the

relation

ug = Vycos(wg + a cos @)

and the normal component of velocity may be written

where
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The Mach number at the shock, Mg, is defined by equation (15). The
components of the local velocity anywhere in the flow field externsl to
the vortical layer and between the planes ©® =0 and @ = n/2 are now
known from equations (9), (49), and (50). Hence, the magnitude and direc-
tion of the resultant velocity and, consequently, the Mach number may be
easlly determined. The local pressure coefficient, then, may be obtained
from the relation

vhere ps/p°° is given by equation (17) and

27

-1
o _ (MY
Pg M

The flow field about slender, conical, flat-top wing-body configura-
tions traveling at high supersonic speeds and at small angles of attack
can be celculated by means of the foregoing expressions. Explicit
expressions defining the 1ift, drag, and pitching-moment coefficients will
now be obtained.

Lift, drag, and pitching-moment coefficients.- Because of the rather
complicated nature of the expressions previously developed, resort must be
made to graphical or numerical integration of the pressures acting on the
surface in order to calculate the integrated aerodynamic forces. It is
first undertaken, therefore, to obtain algebraic expressions, yielding the
surface pressures, which are amenable to simple analytic integration. In
this regard, the tabulated pressure ratios in table I may be used to good
adventage. For example, it will be noted from equation (lc) that Jdp/dp=0
when w =v = 0. On the surface of the body, then, op/dp = 0 at ¢ =
and @ = n/2, since w = Vv = 0 at these two points. Therefore, to a good
approximation, the variation of static pressure around the body surface
may be expressed 1n the form

P. (P 3
5= (30) om0 + (F) otss o)

Similarly, the pressure at any axlal station on the wing may be expressed
in terms of the pressure at the wing-body juncture, the derivative at
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this point, and the pressure at the leading edge. Thus*
2
0, [0, @Ersy e
b b D b -
- /2 22 2\ tan A - tan &

since, from equation (1b), Op/dw = O when w = v = O, The surface pressures
can be easily calculated by means of equations (51) and (52) and with the
ald of table I, These equabtlions are also easily Iintegrated to obtain the
1ift, drag, and pitching-moment coefficients. Thus, for example, the
normgl-force coefficient for the body may be written

/2
21g%tan .
CNB=__].3_...Z_n_£f 32-1)cosq>dcp (53)
M5 o Poo
whereas that due to the wing may be expressed In the form

27

A 7-1
c = = = 1) rgeSdw - 1l - M (o = By) -1

N‘J 7M°°28 Bc Py 7M°°2 2

(54)

wvhere S is the total plan area and ri. 1s the radial distance from
the vertex of the wing to the trailing edge.  The integral term in equa-
tion (54) represents the normal force due to the pressures acting on the
exposed grea of the windward side of the wing whereas the last term is
the contribution due to the leeward side of the wing. The axlal-force
coefficient for the body and the wing may be-written (neglecting base
drag)

/2 :

CAB=§.L—B;:§L[ @f—l)dcp (55)
and .
7
e | EEE AT ) S (56)
Mo 2

“The tangents are retained rather than the angles in the following
expression to facilitate a subsequent analytic integration to obtain the
aerodynamiec forces acting on the wing.
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respectively. Consider now a configuration having an arrow plan-form wing
as shown in sketch (f). Then

Sketch (f)

1ply(tan A - tan 8q)sec w

Tia = (57)
te ytan A - lgtan &, - (ly ~ ip)tan w

and
S = 1ply(tan N - tan 8,) + 1pZtan 8¢ (58)

Thus, upon substitution of equations (51) and (58) into (53) and equa-
tions (52), (57), and (58) into (54) there is obtained, upon integration,

2 (Pe 1 (Pc -
o - 2[§<ﬁ:>0+§<§;>ﬂ,2 l]
5 =
2| (W tan A _
et | () (e - 2)+ 2|

(59)

AN LN DT AT ==
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() (taing:: i) 8
() ()] | e
6. @] [ 2=
(-9

7=1
7Mi>2 [1-7—;—1Mw<a-8w)] -1 (60)

In the case of a delta wing (i.e., ly = 1), equation (60) is indeterminate
in its present form. However, it can be shown that when 1y = Ip

5 <% _ tan B¢

oS i) ).

27

—— B Ol M (61)

The sxial-force coefficient due to the body is obtalned by the integration
of equation (55) which yields

o[-0, -]
Sl

The axial-force coefficient contributed by the wing is given by equa-
tion (56). Finally, the 1lift and pressure-drag coefficients may be
calculated from the expressions

(62)

CAB =
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Cr, = Cycos « - Casin o (63)
Cp = Cpcos o + Cysin (64)
where, of course,
CN=CNB+CNW
Ch =C C
A = Cag + Cpy

Now the expression for the pitching-moment coefflcient due to the pressure
forces acting on the fuselage side of an arrow plan-form wing may be
written (see sketch (f))

A
.t (R
(me)lower = 3‘)'M°°27,BS L/;c <P°° > rtescOS w dw (65)

which, upon substitution of equations (52), (57), and (58), mey be inte-
grated to yleld

o 2 () (T2 - 1) zw+l>[<§g> l]
> sz

me lower - in
2 lw tan A B
e () (B2 - 1) + 2

) [6,. - @G- @2
G-

(66)

Since the pressure on the leeward side of the wing is assumed constant,
this contribution to the pitching-moment coefficient can be shown to be
(by virtue of eq. (7))
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-
(cmW)upper T M2

3 2
W\ tan A _(l _ WY [ ten A W) _tan A
2 ZB> tan B¢ <7'B l> [(ZB> <ta.n B¢ +l>+2<ZB> tan 8¢ +2:|
W tan N _1Y4+1
3[<7'B> <tan Sc. ¥
(67)

The pitching-moment coefficient for slemder conical bodies of revolution
is defined by

2
= -2 —
Cu, 3 ¥
Thus, the total pitching-moment coefficient may be written

2
Cm = - 3 Cyg * (me)lower * (me)upper (68)

Tn the case of & delta wing configuration (i.e., Iy = lg), the total
pltching-moment coefficlent is, of course,

2
=-—C
C 3 N

The 1ift and major portion of the pressure drag, as well as the pitching
moment, may be calculated by means of the foregoing expressionsS since
the pressure ratios in these expressions are tabulated in table I. It is
clear, of course, that the leading-edge drag, base-pressure drag, and
skin-friction drag must also be considered in a complete evaluation of the
1ift and drag characteristics of the configuration.

S5The retention of the trigonometric functions is optional in these
expressions. They have been retained since they result from purely
geometrical considerations.




Flow About Pointed Flat-Top Wing-Body Configurations
Which are Curved in the Stream Directlon

T+t was demonstrated in reference 13 that many three-dimensional
hypersonic flows may be treated by a generalized shock-expansion method
which is anslogous to that employed in reference 8 for two-dimensional
flows. Application of the method in meridian planes about curved bodies
of revolution (see ref, 13) indicated that these flow filelds could be
calculated with good accuracy provided the hypersonic similarity param-
eter, M 5c, is about 1 or greater and the angle of attack is small. Since
the present configurations are assumed to have half-bodles of revolution,
the generalized shock-expansion method is also applicable to these con-
figurations when M®e 21 and a << 1. In fact, the general procedure of
calculating the flow is identical to that employed in reference 9. It is
clear, of course, that the initial conical flow cornditions at the vertex
are determined from the expressions previously developed in the present
paper. In this connection, expressions defining the flow downstream of
the vertex are obtained which are applicable to hypersonic flow about
slender configurations and, thus, are compatible with those defining the
flow at the vertex., The following expressions, then, can be deduced
directly from those presented in reference 9 by applying the condition
of hypersonic flow and slender bodies. With these points in mind, atten-
tion is Ffirst turned to the calculation of the flow on the surface of the
body.

Flow conditions on the body surface.- The differential equation for
Prandtl-Meyer Tlow relating the change in Mach number with flow inclina-
tion angle along a streamline® reduces to (see ref, 14)

=L 55

du =

for hypersonic flows. This expression is easily integrated to yield

Yo a1 22t Gise) (1- )

where M, i1s the Mach number under the vortical layer at the vertex and
is defined by equation (45). Now the pressure rise across the shock is
given by equetion (26) and the ratio of the pressure anywhere on the body
surface to the pressure at the shock in the plane ¢ = O may be determined
from the relation

8Tt should be noted that since w = 0 at ¢ = O and ¢ = x/2, the
meridian lines in these two planes are exactly streamlines.
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Thus, the expression defining the pressure coefficient anywhere on the
surface of the body may be written in the form

27

e [ 2 -]

Cp

Flow conditlons in the plane of the wing.- Flow properties on the
wilng surface are dictated by the flow fleld generated by the body in the
plene @ = ﬂ/Z, subject, of course, to the boundary conditions imposed
by the wing. Thus, the calculation of the flow in this plane is similar
to the calculation of the flow field between the body surface and the
shock in a meridian plane for a body of revolution. Consistent, then,
with the hypersonic approximations of the present paper, expressions pre-
sented in reference 9 for calculating the flow inclination, the static
pressure, and the total pressure along a line normal to the body axis a
short distance downstream of the vertex reduce to

R =
p=pB[1-7KBMBZ(y-yB)] {Ps PB[1-7KBMB (ys-yB>]}<y -_?,33)

and

6 -5

(dpy/d0)(as/as) Y - ¥g\2
{}Pt)B - (Pt)s - [ 5 - 5 }S (YB - YS)}-<§§—:—§E)

respectively, where B and S are points on the line corresponding to the
body surface (wlng-body juncture) and the shock (wing leading edge),
respectively. The derivatives in the above expressions reduce to

py = (py)y + ‘:(dPt/dG)(de/dS)]s oo
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7
dpy _ by [ (7 + 1)°(M0)® } 7 [(Me8)° - 11°
ae (7 + 1)6 Lay(M8)% = (7 - 1) 271
[(7 - 1)(Me8)® + 21772
and

1
<%3Q>vertex - [27%9);;9(7 2] () [ - %0 - 2] 3 (69)

where Kg 1is the curvature of the body at the vertex;

@ =hNcos ¥ (70)

A 2
=1 At — (?—E—)
: 8c° \99/ ;5

and (1/50)(dwz2/39)y/» 1s given by equation (35). The derivative given by
equation (69) is evaluated at the vertex and therefore can be determined
from the previous solution of the flow about flet-top conlcal configura-
tions., The shock-wave parameter, 6, in the above expressions is defined
by equation (70) and represents the shock angle associated with the com-
ponent of free-stream Mach number normal to the shock at the leading edge.
Flow conditions on the surface of the wing in the region of the vertex
can be completely determined by means of the foregoing expressions. The
remginder of the flow field in the plane of the wing can be calculated by
employing the procedure discussed in reference 9 pertalning to bodies of
revolution. The pressure on the leeward side of the wing may be calculated
from equation (7).

It is interesting to note that the flow about flat-top configurations
having wings with straight leading edges, as well as those which are curved
in the stream direction, can be calculated by means of the generalized
shock-expansion method. To illustrate, consider the following three cases:
(1) & wing with leading edges which are curved but with the shock always
normal to the leading edge; (2) a wing with constant leading-edge sweep;
end (3) a wing with curved leading edges but with local sweeps always less
than case (1). All these wings, of course, have supersonic leading edges.
Now if the shock 1s normal to the leading edge, then ¥ = O (see sketch (c))
and the variation of A can be determined from equation (70). This is
tantamount to replacing 6 by A 1in the Rankine~Hugoniot shock relstions.
Thus, case (1) corresponds to the calculation of the flow on a wing which
is designed to just contain the flow field bounded by the body surface and
the bow shock and the "design' plan form will vary with angle of attack.
The flow on the wings corresponding to cases (2) and (3) can also be cal-
culated since A 1s known and, therefore, ¥ can be calculated from
equation (70) once 6 has been determined,
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30
EXPERIMENT

In order to obtaln a check on the predictions of the preceding
theoretical analysis, the pressures acting on the surfaces of several
wing-body configurations were determined experimentally at Mach numbers
from 3.0 to 6.0 and at angles of attack up to 6°. A brief desecription
of these tests follows, '

Test Apparatus

Tests were conducted in the Ames 10- by 1lh-inch supersonic wind
tunnel, A detalled description of the wind tunnel and auxiliary equipment
may be found in reference 15, The pressures acting on the model surfaces
were measured with a mercury U-tube manometer or by means of a dibutyl-
prhthalate U-tube manometer when the pressures were low enough to b
recorded on the latter, :

Pressure-distribution models were mounted on & 3° bent support which
could be pitched through an angle-of-attack range of -3° to +3°, The
test models consisted of three basic configurations - two conical models
end one ogive model. The conical models consisted of thin triangular
wings beneath which were mounted fuselages composed of, in one case, one-
helf of a fineness-ratio-5 cone and, in the other, one-half of & fineness-
ratio-2-l/2 cone, Two wings of different leading-edge sweep were tested
on each body. In the case of the ogive model, the fuselage consisted of
one-half of a fineness-ratio-5 ogive mounted beneath & thin wlng, the
leading edges of which were coincident with the theoretically determined
shock wave for (Y)Hle = 0 (case (1) in the analysis section) at a Mach
number of 5.0 and an angle of attack of 3°, The dimensions of these
models and the location of the pressure orifices are shown in figure 3.

Pressures on the model surfaces were measured at 0°, 3°, and 6° angles
of attack at test Mach numbers of 3.0, 4.0, 5.0, and 6.0. The Reynolds
number per foot veried from 8.6 million at Mach number 3.0 to 1.4 million
at Mach number 6.,0. The pressures around the body surface and on the high-
bressure side of the wing were recorded simultaneously at each Mach number
and angle of attack at statlions symmetrically disposed with respect to the
Plane of symmetry (i.e., *p; see fig. 3). These pressures were reduced to
coefficient form and the average pressure coefficient was assumed to repre-
sent the pressure coefficient at each meridian angle, ¢, and ray angle, w.
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Accuracy of Test Results

The veariation in Mach number from the nominal wvalue did not exceed
+0.05 in the region of the test section where the models were located.
The precision of the computed pressure coefficients was affected by inac-
curacies in the pressure measurements, as well as uncertainties in the
stream angle and the free-stream dynamic pressure., The resulting errors
in pressure coefficients were generally less than 0,005 throughout the
Mach number remge for all angles of attack. The meridian angles and
sngular wing stations at which the pressure coefficlents are plotted are
considered accurate to within #1°.

RESULTS AND DISCUSSION

It will be recalled in the development of the theory that the flow
field in the plane of symmetry (¢ = O) was assumed to be the same as that
for the circular cone. It 1ls appropriate, therefore, to examine the
validity of this assumption before proceeding with a comparison of the
theoretical and experimental surface pressures. To this end, the shock-
wave angle at @ = O was measured from shadowgraph pictures for each test
Mach number at o = 3°. The results of these measurements are compared
in figure 4 with the shock angles for the complete cones which were also
obtained from shadowgraph pictures. Only one set of data is shown for
each fuselage since the effect of leading-edge sweep was not discernible
from the shadowgraph pictures. Also shown for comparative purposes are
the predictions of Stone's flrst-order theory for inclined circular cones
(ref. 16), as presented in reference 17, along with the predictions of
the theory of the present paper., Tt 1s evident that the wing has little
effect on the shock-wave angle of the cone at ¢ = 0, at least for angles
of attack up to 3°. It will be noted that the present theory yields
shock-wave angles which are slightly too large. The variation of pressure
coefficient at @ = O with angle of attack for the two test configurations
is shown in figure 5 for the test Mach numbers 3.0 and 5.0. Experimental
results taken from reference 9 are also shown for the fineness-ratio-2-1/2
cone (8g = 11.42°), As in the case of the shock-wave angles, only one
set of pressure date for each configuretion is shown since the pressures
were essentially unaffected by the small changes in leading-edge sweep of
the test models. (Experimental data for a fineness-ratio-5 cone were not
available.) Stone's second-order theory for inclined cones (ref. 18)
applied in the manner described in reference 19 is also presented except
for the case where B = 11.42° and M, = 5.0 which is beyond the range of
the M.I.T. tebles (ref. 20). For this case, the predictions of the theory
for inclined cones presented in reference 9 are shown. It appears in
figure 5 that the presence of the wing increases the pressures slightly
in the plane @ = 0, particularly in the case of the more slender of the
two configurations. However, this effect is sufficiently small
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(approximately within the range of experimentel scatter) so that it can,
for all practical purposes, be neglected. It should be noted that agree-
ment between the present theory snd experiment improves with lncreasing
slenderness and increasing Mach number. On the basis of The comparisons
shown in figures L4 and 5 it is indicated that, at least for cases where
the leading edges of the wing are subsonic (M < 5) or moderately super-
sonic, flow conditions in the plane ¢ = O can be considered to be the
same as those agsoclated with the corresponding circular cone with only
a slight loss in accuracy.

The experimental Ppressure distributions obtained on the four conical
flat~-top wing-body combinations (see fig. 3) are shown in figures 6, 7,
8, and 9. The data are plotted in the form of surface pressure coeffi-
cients s a function of the meridian angle, ¢, for the body and as &
functlion of the difference between the ray angle, w, and the body vertex
angle, B, for the wing. Also shown in these figures are the predictions
of the present conical-flow theory, where sppliceble, as well as resulis
obtained from reference 21 for noninclined cones, Although the latter
results are strictly applicable only for the cases where the wing leading-
edge angle is equal to the axially symmetric shock angle produced by the
body (i.e., My = 5.0, A = 13° and A = 16.9°; see figs. 6(c) and 8(c)),
the theoretical pressure coefficlents are nevertheless shown for all test
Mach numbers at o = 0°, Tt is interesting to note that the results of
reference 21 are in good agreement with experiment even for the subsonic
leading-~edge cases (Mx < 5). It also appears from the magnitude and con-
tinuous distribution of pressures on the wing at My, = 6.0 that the bow
shock remains attached to the leadlng edge and the cone pressure fleld
is distributed over the entire surface of the wing. It should also be _
noted that the pressures on the body are negligibly affected by the wing
at all test Mach numbers at o = 0°, Consider now the predictions of the
conical flow theory of the present paper. Although the theory is not
strictly applicable below a Mach number of 5.0 for the test configurations
(see fig. 2), theoretical results obtained for (¥),,, = O are nevertheless
shown for the lower test Mach numbers at o = 0°, As in the case of the
predictions of reference 21, the present theory may, from a practical
standpoint, also be considered applicable to. wings whose leading edges
lay inboard of the bow shock wave at o = 0°, It should be recalled,
however, that the theory 1s applicable to hypersonic flow fields and,
therefore, would be expected to yield good results only at relatively
high Mach numbers, It can be seen from figure 2 that for A = 13°
(N\/®c = 2.28) the theory is applicable only for o = 0° at My = 5.0 and
for angles of attack up to 3° (a/8c = 0.525) at My = 6.0 (fig. 6). Simi-
larly, when A = 14.6° (\/8c = 2.55), the theory is applicable for angles
of attack up to 3° at M, = 5.0 and for angles of attack up to 5.7°
(a/Bc = 1) at M, = 6.0 (fig. 7). The same general remarks concerning the
appliicebility of theory also apply to the less slender configurations.
The predictions of theory where applicable are compared with experiment
for these configurastions in figures 8 and 9. It will be recalled that
the development of the theory proceeded from the basic assumptions
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that <K 1, w<< 1, and M>> 1. It would be expected, then, that theory
should yield more relisble results for slender configurations at high Mach
numbers. It is indicated by the results shown in figures 6 through 9 that
agreement between theory and experiment improves with increasing Mach num-
ber and, in general, agreement i1s better for the more slender configura-
tions, The pressure distributions calculated by means of equations (51)
and (52) are also shown in figures 6, 7, 8, and 9 and, in general, are in
reasonably good agreement with experiment, although equation (52) tends

to overestimate the pressures slightly on the wing (compared to the more
exact equation) at « = 0%, ‘It should be noted in table I that (¥).,
attains its meximum value at o = 0° when A > (wS)m=o and increases

quite raepidly with increasing A. Thus, for example, for the case where

N =14.6° at My = 6.0 and @ = 0° (fig. 7(d)), (¥)y» is 41°. From the
definition of ¥ as shown in figure 1, it can readily be seen that the
cross-sectional shape of the conical shock will deviate comsiderably from
& circular arc when (¥);/ » = 419,

Since the theory is based on the assumptions d << 1 and A < 1, it
is evident that when the wing semlvertex angle is large compared to the
axlally symmetric shock angle produced by the body or, in effect, large
values of A/Be, the theory will tend to break down. More experimental
date are needed to determine the practical range of applicability of the
thecry with respect to this parameter., It should be noted, however, that
conglderations of drag and aerodynamic heating will dictate high sweep
and, hence, moderate values of A/dc at hypersonic speeds.

It is of interest now to consider briefly the accuracy of the
predictions of theory for the 1ift, drag, and pitching-moment coefficients.
These coefficients have been calculated by means of equations (63), (64),
and (68) (and, of course, table I) for a configuration having an arrow
plan-form wing (\ = 150) beneath which is mounted one-hglf of a fineness-
ratio-5 cone, The results of these calculations for a Mach number of 5,0
along with experimental results taken from reference 2 (model 6 in that
reference) are shown in figure 10. The drag polar was obtained by calcu-
lating the variation of drag with angle of attack by means of equation (64).
The drag coefficlent was then matched with the experimentally measured
drag coefficient at o« = 0°, The difference in drag coefficient thus
obtained was assumed constant over the angle-of-attack range. TIn effect,
then, the skin-friction drag, leading-edge dreg, and base-pressure drag
were assumed to be independent of angle of attack, 1In general, agreement
between theory and experiment is good. -

As a final point, consideration is now given to the accuracy with
which the solutions for flow about conical configurations in combination
with the generalized shock-expansion method predict the flow about wing-
body combinations which are curved in the stream direction., The pressure
distributions on the surface of a configuration having a fuselage consist-
ing of one-half of a fineness-ratio-5 ogive mounted beneath a thin wing
whose leading edges were theoretically determined so that they coincided
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with the shock wave for (Y)ﬂlz =0 at Mo = 5.0 and a = 3° were calculated
using the methods of this paper. These distributions along with the
results of pressure-distribution tests are presented in figure 11. The
trend of the pressure distribution on the wing 1s in good esgreement with
experiment. Although the absolute magnitude of the pressure is low, it
should be noted that the similarity parsmeter, M 8o, is 1 in this case
and, thus, represents the minimum condition for applicabillty of the
shock-expansion method.

CONCLUDING REMARKS

The flow about conilcal flgt-~top wing-body configurations at high
supersonic speeds was investlgated analytically. With the assumptions of
high supersonic Mach numbers, slender configurations, supersonic leading
edges, and small angles of attack, an approximete theory was developed
yielding the Mach number and pressure distributions on the surface. Sim-
ple, explicit, algebralc expressions for calculating the 1ift, pressure-
drag, and pitching-moment coefficients were also presented, A solution
to the flow about pointed flat-top wing-body configurations which are
curved in the streem direction was obtained by combining the conical flow
solution with a slender-body approximatlion to the generalized shock-
expansion method.

Surface pressures were obtalned exgerimentally at Mach numbers from
3.0 to 6.0 and angles of attack up to 6° for several flat-top wing-body
configurations., These conflgurations consisted of half-bodies of revolu-
tion mounted beneath thin highly swept triangular wings. The bodies of
the conical conflgurations consisted of one-half of a fineness-ratio-5
cone in one case and one-half of a fineness-ratio-2-1/2 cone in the other,
The body of the third configuration consisted_of one-half of a fineness-
ratio-5 ogive, For this configuration, the leading edges of the wing
were curved and designed to just maintain the theoretically determined
bow shock along the leading edge at a Mach number of 5.0 and an angle of
attack of 3°, The predictions of the conical-flow theory of this paper
for the surface pressures were 1n good agreement with experiment at Mach
nunbers of 5.0 and 6.0 up to angles of attack of approximately 3°. BEsti-
meted 1ift, drag due to 1lift, and pitching-moment coefficients were in
good agreement with existing experiment for e conical configuration at a
Mach number of 5,0, The generalized shock-expansion method ylelded rea-
sonebly good agreement with experiment for the half-ogive configuration
at & Mach number of 5.0 and angle of attack of 3°.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif,, June 2, 1958
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TABIE I.- FUNCTIONS FOR CALCULATING THE FLOW ABOUT FLAT-TOP CONFIGURATIONS

ONHOOMMMONR DEHOANEMAN AEHOHYOTH OATRHNTOY CVAHAYD ONNHEN OWRNN OWNR oW oW o
SfRUOANOOHGANY MUOQWOHINON MUARWOAHANG MUGRUEHY MUVKAWOY MVANING MOVORE YOVON WOO O <
ﬂv HArdQAURMMMYY ddAQURMNNY  AddQQANHIN Gdod@RUEMN AR AdAQ N0 Held QR ol el -
Jglageaqqeqqaq 9QQQaQQooq QoQqQQoaoqq QQeQqaqQQg QQQQaqqg QgQaQQ 9GQAg qQQaQq QQQq 049 Qg
Arddrdrddddadrd rdAdrddddddd dddedddddd drdddddd dddeddedd dAddeidd deleicd dodeld oo oo of
00000000000 0O0QOOO00000 000000000 OCO0ODOD OO00OO0OC 000000 00000 O000 000 06 O
AONVNATE-NON OAANMNMYEENO AONUNTAYNN AONSTMYE AANNYNY AARNYM QORNYT AONN AON OO0 O
JNonwantdnomnea aRUAKNNHNON ARVANNCHNG GEMVGNdIn ANV Y ARV NV RV NV 6N G
) MYELTNNOVONt NIt OONE NTETHDNVON NYTTVIDV0 MYTLOVINY MIYTLVW NTETE0D NEde MEt e 0
£ 2QQQ8QAQQQA QAaQQgAQeQQ QRQAAAQQUY 9QAEQQQAQQ QrQVgQq QQQQoQ QQQQQa QQoeq QQg gq 9
ﬁv A rdddd ddd e Ardddrddddd Adddddedsd ddddddeded dddddde dAdddodd oo e MArAcdd dAdel dHel o
CQO00000O0000 0000000000 000000000 OOOOOOOO OOOOCOOO 000000 00000 0000 000 OO0 O
ONRODNNNAVNO rOOOANTINDG AVORNDBIONO RANNTNYO FOVANVNO VNADMHO WFO®O MOINO OdO WO O
N[OOI IROONO WOORAOVAVO WHARNYENOG TNONAVYO WMUOYNO OCOBNNGO VOO FMAKO OO VO O
¥ |00 INREHOONo UYYNRHAANNO0 YMNRHOONN0 MACHOAIO QHOMNING wOONIbO QOO BOVUYO WYO ¥O O
¥ |94 QQ99q g4 aaqq Adq+d44QQ99Q H94QaqQQq 11 Qggq ~rdQeqQQq QQQQqQ 9QQQQ QQQ QQ QqQ
™ |90000000000 0O0O0OQOOOO0 OO0OOOO0O0D OO0OCOOO0 0000000 000000 00000 0000 000 oo o
O000000C000 0000000000 COOCOOODO COODOOOO DOOOOOO 000000 O0O000 000D OO0 600 O
QVTVAYAANOR ONOVITVOSHHNY OWVTVAYHAEIN AOVUYVNY Y VY VOYr AVITOVOAY ROTUVR OO AOUYE Y O
O(ANANOVHEMAY AYATANANNA OYOAYTOLHNN OAYOATRNHN GYTOALTONT OTATRN AYOAYN AECRYT OTH O O

A NYTOUON-0O0 AITNNOEGO0 NETVNVERED NYIVDOVNE MIYD0VOE MYYOWNO MYYTOW NTDD MET N M
& 2QQQQQgqaQQQeQg QQQQAaQgQQgQeQ QQQAAQRQQ QQQGQAQQ QaAQAQQQg QQQQQQ QQQQg QQQQ gQg 9g q
Adddrddrdddded dddddrddddd doddeeddodrdd deidddddd ddudeled ] Adoferdd s sdetdd ol oo e
CO00Q0000000 ©OOO000O00C 000000000 00000000 0000000 OOO000D 00000 0000 000 00 O
VLUNTO™ ADOR OCRACOO AOD O N TOONHD RITATOONY OTACTOON OTRUTOW OVRIO OTET OFN ©O¢ ©

o[ HMONAOR AUHNMNONINNRO QWANIONIA AUANNMNON ANHINOE OWHNNG OVHNN ALY~ AWE 0w O
mv VOAMONAYON DOANOAHIEO VOHNVAHYE VOHMNYAHY VOHNVANR WOHNON WOHNY WM VW VO
QY 190 qruyres) QoaqQrqQlYy Qaa0nQgny QaoXNYYY Q(ANYY QARKY YAQAN QGRR QRe QO Q
CROOORARNAG OAOANGANRR OOOORANAG ONROARNRL COARNRNG ORARRKA ORNGG OO0KM Oy O ©
HO0 00000000 wWOOOOO0O0O0O00 HO00OO00D00 HONOOOCOO HOOOO0OO HOOOOO HOOOS WOOO OO oo o

0 |OCPO00000000 0000000000 000000000 O0OOOO00 0000000 000000 00000 00O 000 00 O
8|s QMR Q0 Q QYN QEQ0 QriRNTRBNG QYR QN QM TNY QMY QrNMNY Ah9M Qdg Qg q
CO00000C0000r ©OO0O000O0O000 000000000 0O000QOO0 0000000 00000 OOO00D 0000 00O o000 O
AEAANNREERNE BRIDIRNNN dddddeiddd BOLVVVVVY VVWVOVVVEY EEARACN VOVOVWYVWY VOWYY MK - ©
COARAAORO AN AEAANRNAANAN VOVOVVVVVY 00000000 VNN widrrdrv MMOMN THEY QAN OO O

g (RROOARANANOR OCOOODOEORE DOYOVVVPVVY VUV MMNMNRN EENNRNE 0000 ARG ©ONO (bt W
lb b B B I B B B B B B B s B B s B B B B B B IO B B B B B A ax B B R i e Kz hx KR b drdrdrdd d-d-dddd Ardrdd Q@qQQqq gqq qq q
CO0000000ROY® 0000000000 000000000 00000000 Q000G O 000000 00000 0000 000 00 O
Arrddddd ddrdd ddddddddddd dedddddddd dddddddd ddddde e dddddd drddd dddd oddd ded o

v |9C000000000 000000000 000000002 OO000ROO0 O0QPO0EO0 000000 00000 0000 000 00 O
M ddddddddednd  dddsrggdaddd dddddeddd dedrgddd dedddddd dddddd ded " i ] o
OO0 00A0C0OQ00 Q0000000000 000000000 00000000 COOO000 000000 00000 0000 000 00 O




0 Q
v
[
«
L)
© 2
o~
LB
© v
amn
QN
)
Lol
o
-0
(<]
2]
©
woRIMQ
L)
oo
0
0o
0
Al
b1y
o
[l
A
~
Owi
©®o
w0
1

~ o

S
o)
R
<
&
S
=

Ay
[®]
<
B e
1 ﬂm.560517
E4 038912419
xQQQ 0 -0
o )il B~ foRTe]
o 11LL41191 0 -0
00000111“2 DN891%420
00001 1LW£11468N M-
w ) o o 111&&1 00 e ©
w nw [<Y-Xe} ol 1 Q © O nMo
o g|ve~0 Mmoo ocoo e 2QQQ o *O "
\cn/-. 23549410694 500 1_1_1L1._1113 5“2729
M ﬂm~11 oe o Dime v ooco ddgdd 2 QO o
“ L L] o «Q 00 (1=} " Qo [ X [~
o L ks | L] <~ no (oY =) e 2O v 0 [T
o e }9 © - o oo Aeicl L 100 o
= =3 i [ 18] QN Y o o o ] Y0 0
Q 6060600 Q gddas eyl JADIASISADA - Rl v oN
L.Q 00011 a4+ 91243 47564 ocoo 1L1011 RO
o oo el qq 0 ox oo o o v - Y- ~ o
By L35 oo e Qo amn T M 0 ocoo R Qqa M Mo
3 g Vo coo B I o ) oo 3323+ oo oo
4 = 558992217 56660 1m;119124 RO © 001111 DOOMl Dana
o > noNawoo wo co o aad4Aaq e - w0 coo 2aaa4 e how
P =N raonm nw o anaa wo nL Yoe o e QQeQ 10 0 °
ol 00”222“061% 25”036 0000011 ulilﬂ918 naL oo oooo0o0 1LLM DMW o 0
2888 Q R~ o w© oo o=d o e oY ) o > 0
S 2229252558 suu&unzmw <o PR mlumvgm eneros on dod ddd 24 3
H cooo 0002221610 24429584 oo 1LL112 235694 onere ¢ oo by
1 oa o oo " TN 0~ o ocoo LR L ~o ~O% vmn o
H 9 o~ S9988o Q e oaNo Mo oo A+ @m o -0
o|sao VW 000000 0303 0NV - XX oo s o 0o~ - v
m mm\24699017627 coo 000.21110 9”945%70 000011 11&11 QM 47% oM
) 11179243604 v Y 0000000 Q9 T Qo mo -l e 01111 1116 @mn e~ 9
O el L Voo gy ~0Q 000000 6222 0o o~ Mmoo ooco o " o w @ <
& 3 Saaina s —— L
o - n 0 : -
. 3 PABAMGAAN NN umllmM46MM vaoroan Soe000 owmmalm 4M%W2w wosoo oo oo a
i oY O © 00M1112333 246”901”6 o 0000000 221110 19610 R ALY © o
e Ko —o|®0 M 0001111 e N Q@ woe- eoo S50 H1Q omao oo o auw
O A8 Poomnos o MMM ol Sao @0 S2o8e K] o Dwoo o
FI Sk, 15810517788 ooo 11112222 24699017 © 00000 OOlLO n oo NOO oo
W qQq nwo < Qe weo ococo rprp e o " 42676 © 0000& O noo ~O o
0w 0@ woam 803343 =-¥-%-] da i ¥ o QOO @ ©oo Qoo 1 °o by
28 ERREEREREEY 23 Sdgidas jizaces jasny 2335 903 35 3
; ™~ ) o “ @ @ 2 Q
S S335533 Sasgneneds azgnens Jaaas el 3855a3 aSes SR
8l oo o 00444L3555 158605147 © coo e Heir an 22099 e o
w o 195822 ooy - Q AN < omn oooo 111142 Mt g
m12540000 bO-5-9:5 Jaa%an 0 0 PO PAAASASAMANA i a0 S ®
W 3 eacoe oo o coos s i ¥ 0 5006 oo i oe neq @
oo 5 oo coesas 0 o Wi e <vom o o il v yuo 3a 0’
Fu 33334 K ene 506005 swsssnzs mossuso © ocoo Sdna aun <
' o bt OOOMMSéMMO oo °© OOMM4LMM 1%%15%“ ouone. cooo MlL A4 M
- =<|$ 44”3337777 ; OOQOM DJMOOOO eoocoo 5&4“337 158”05 M4034 ce OM -
AAA444”333” coo 0003A55W0 o 000044& ﬂDSSSB 10360 © < on o
0o <% < - © oo oo ;@ =Y-T-) coo 0w Qg noan oo 0
0 << < ¢ ©® oo (=) Q o o < Y Q 0 no <o
OOOMSSSAAAA OONBBBBOOO °° OMBJAOOO o 000M4 5&998 00w vom ©o
D@nnwnn 4440000883 co0oco aaedas coo o coooo Hoon 449 wo
ooco A o8 mmm ©oo ads aaa oo e oo Joa qe @
& o |eo o o w0 PR 3 o~ I 0 (-X~] oo LR AT] oo oo < 5.3 o e
co oo nn A3 o~ M 0w coo Q Q 000 oo LA Q
ooy (<X~} ooo nin M ~ e~ L 10 oo g o o 0 2l
oouzzzmoooo EEEE 55w335MM7 nuaewsss aadasa 98gee oo oo o
%0 N o o oo i U] s dedndid &~ oo 19 o )
oo QQ co oooang " ettt -t~ ) LR co
oo [+ o0 (Y 0 L o] nn << [ o cooo Q o
oo Qg Qo oaa oo lily) cog2a - 0 oo 0K coo
oo LR 1 [=]~J~] o o nw Ly} oo A LA A oo Q (=]
Y3 8 ) P i ) Jog3 od v oo 249 °
~Y-3 qQ [-Y-) oo 00 L)} o 1 © m ° Q o
oo o0 i lided ) NN nm a8 34
@0 M22230000 © 00555”5 2ﬂ7777 99933 © e 2|
0000”333 cooo OOOON 552222 33399 7888 ol "
(Y- MZBEMOOO o 00”“55 Mzgmm 0”“7 ””1 <<
o
0600332 0000 '~ 05555 3220 777 NN ©
cco wzzzzoo o ccoo o0 o ees oIy ©
560035 2“0000 ©coo BN -
o o gy o0 coo 0n M
Y1 q o coQ oo 0
oo omzzz MOOO =)
o
o0 0222 Qo0
X N oo
o o q § o
[~ X~ Q
oo 9
©

38



39

Q
&
&
%
5
=

TABLE I.~ FUNCTIONS FOR CALCULATING THE FLOW ABOUT FLAT-TOP

CONFIGURATIONS - Continued
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TABLE I.- FUNCTIONS FOR CALCULATING THE FLOW ABOUT FLAT-TOP
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TABLE I.- FUNCTIONS FOR CALCULATING THE FLOW ABOUT FLAT-TOP
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TABLE I.- FUNCTIONS FOR CALCUIATING THE FLOW ABOUT FLAT-TOP
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- Continued

CONFIGURATIONS

TABLE I,- FUNCTIONS FOR CALCULATING THE FLOW ABOUT FLAT-TOP
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Shock—wave angle at ¢

Figure L4.- Variation of shock-wave angle at ¢ = O wlth Mach number for
A4 = 30.
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Figure 5.- Variation of pressure coefficient at ¢ = O with angle of
attack for Mach numbers 3.0 and 5.0.
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Figure 6.~ Surface pressure coefficients for configuration with &g = 5, 71
and A = 13° at angles of attack of 0°, 3°, and 6°.
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Figure 9.~ Surface pressure coefficlents for configuration with 8¢ = 11.42°
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